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Abstract. The antisymmetrized molecular dynamics (AMD) simulations
suggest that the isospin composition of fragments produced dynamically in
multifragmentation reactions is basically governed by the symmetry energy of
low-density uniform nuclear matter rather than the symmetry energy for the
ground-state finite nuclei. After the statistical secondary decay of the excited
fragments, the symmetry energy effect still remains in the fragment isospin
composition, though the effect in the isoscaling parameter seems a very delicate
problem.
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1. Introduction
In medium energy heavy-ion collisions, many fragments are formed almost simulta-
neously in an expanding and excited nuclear system, which gives us an opportunity
to investigate the nuclear matter properties at various temperatures and densities,
such as the nuclear equation of state and the liquid-gas phase transition. However,
fragments are formed in dynamically evolving system in most cases, and therefore
dynamical model calculations are necessary.
Antisymmetrized molecular dynamics (AMD) model [ 1, 2, 3, 4, 5] respects
several quantum features in fragment formation reactions. It uses a fully antisym-
metrized many-body wave function of Gaussian wave packets, which can describe
the ground state properties of nuclei reasonably well. The single-particle evolution
in the mean field potential is described by the the motion of the wave packet cen-
troids and the stochastic quantum branching process which respects the change of
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the shape of the phase-space distribution, keeping the advantage of the molecular
dynamics that the fragments are formed with the wave packets localized in phase
space. The two-nucleon collision effect is also treated as a stochastic process.
The AMD simulations for heavy-ion collisions are useful not only to explain
the experimental data but also to know what kind of information is reflected in the
fragment formation. In Refs. [ 6, 7], we have analyzed the fragment yields in the
AMD simulations for multifragmentation reactions of the central collisions of Ca
isotopes at 35 MeV/nucleon, in order to see how the fragment isospin composition
is related to the symmetry energy term of the effective interaction adopted in the
calculation. Isoscaling has been observed in the fragment yield ratios from two
reaction systems with different proton-to-neutron ratios in the AMD results as well
as in the experimental data [ 9] and in the predictions by various statistical models [
10] and other dynamical models [ 11, 12, 13]. The symmetry energy has turned out
to be reflected in the fragment isospin composition with almost no surface effect,
which means that the property of low-density uniform nuclear matter is responsible
for the fragment isospin composition rather than the symmetry energy for finite
nuclei. The results for the primary fragments are discussed in Sec. 2.
The fragments are recognized in the AMD simulations at a finite time t ∼ 300
fm/c. These primary fragments are excited with the typical excitation energy of
about 3 MeV/nucleon and they will decay by emitting particles with a long time
scale before they are detected in experiments. In order to compare the calculated
results with the experimental data, the secondary decay of primary fragments should
be considered by employing a statistical decay code. The effect of the secondary
decay on the symmetry energy effects is studied in Sec. 3. Some features observed
in the primary fragments remain after the secondary decay, which can be utilized to
get the information of the symmetry energy from the experimental data in principle.
However, the symmetry energy effect in the isoscaling parameter is produced by a
very delicate cancellation of the effect in the width of the isotope distribution and
that in the mean isospin asymmetry of fragments.
2. Symmetry Energy Effects in Primary Fragments
In this section, we discuss how the density-dependent symmetry energy is reflected
in the fragment isospin composition, by using the result of AMD simulations of
Refs. [ 6, 7] for 40Ca+ 40Ca, 48Ca+ 48Ca, and 60Ca+ 60Ca. We simulate collisions
by boosting two nuclei whose centers are separated by 9 fm and calculating the
dynamical evolution of each collision until t = 300 fm/c. The primary fragments
are recognized at t = 300 fm/c by the condition that the two nucleons belong to
the same fragment if the spatial distance between them is less than 5 fm. The
calculations are done with the Gogny force [ 8] and the Gogny-AS force [ 6] which
are different in the density dependence of the symmetry energy for nuclear matter
as shown in Fig. 1.
We have seen [ 6] that the fragment yield ratios Y2(N,Z)/Y1(N,Z) between
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Fig. 1. Density dependence of the symmetry energy of nuclear matter for the
Gogny force and for the Gogny-AS force.
different reaction systems satisfy isoscaling
Y2(N,Z)/Y1(N,Z) ∝ e
αN+βZ. (1)
Isoscaling is equivalent to the fact that the fragment yields of different reaction
systems i are given by
Yi(N,Z) = exp[−K(N,Z) + αiN + βiZ + γi], (2)
where αi, βi and γi are constants that depend on the reaction system i, while
K(N,Z) is a function that is independent of the reaction system. By combining the
fragment yields from the three reaction systems, we can get the function K(N,Z)
for a wide region of (N,Z), even though the number of generated events is not very
large.
The obtained K(N,Z) behaves very smoothly as a function of N and Z [ 7].
The shell and paring effects are weak in K(N,Z) compared to the effects in the
ground state binding energies. We find [ 7] that K(N,Z) can be fitted very well by
the functional form
K(N,Z) = ξ(Z)N + η(Z) + ζ(Z)
(N − Z)2
N + Z
(3)
for each Z. The quantity ζ(Z) is related to the width of the isotope distribution
for the given Z, and it is expected to be sensitive to the symmetry energy.
The top panel of Fig. 2 shows the obtained parameter ζ(Z) as a function of the
fragment proton number Z for the Gogny force and the Gogny-AS force. We find
that the Z-dependence of ζ(Z) is very weak for Z & 5, which is not consistent with
the idea of the usual equilibrium of primary fragments. In fact, if the fragments
were in thermal and chemical equilibrium, ζ(Z) would be related to the symmetry
energy for the fragment nuclei as ζ(Z) = (cv + csA
−1/3)/T , where the volume and
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surface symmetry energy coefficients satisfy cv ≈ −cs for the ground state nuclei.
This size dependence of the symmetry energy is not compatible with the very weak
Z-dependence of ζ(Z) for Z & 5 [ 7].
It may be rather surprising that we can find almost no surface effect even
though we are looking at relatively small fragments. There can be several possible
explanations [ 7]. One of them is associated with the fact that fragments are not
isolated when they are formed. When the density fluctuation is developing from a
uniform low density matter, the fragments are still interacting with attractive force
through their surfaces. Therefore, the surface free energies can be expected to be
smaller for these fragments than for the isolated fragments. Independent of the
physical origin for the weakening of the surface symmetry free energy, it suggests
that the volume quantity, which is the same as that in the infinite nuclear matter,
can be directly obtained by the analysis of the fragmentation results even though
the produced fragments are not very large.
If we adopt the interpretation that ζ is related to the symmetry energy Csym(ρ)
for the uniform matter at a certain density ρ by
ζ =
Csym(ρ)
T
, (4)
we can utilize the symmetry energy effect observed in the top panel of Fig. 2 to
derive ρ and T [ 6]. In order to explain the ratio of ζ for the Gogny force and
the Gogny-AS force which are different in the density dependence of the symmetry
energy as shown in Fig. 1, the density should be ρ ∼ 1
2
ρ0. Furthermore, from the
absolute values of ζ and Csym(
1
2
ρ0), the temperature should be T ∼ 3.4 MeV. This
condition of the density and the temperature is reasonable as the condition for the
fragment formation, which is necessary for the justification of Eq. (4).
If the fragment yields from different reaction systems satisfy isoscaling, the
isoscaling parameter α is related to ζ(Z) by [ 6, 7]
α = 4ζ(Z)×∆(Z/A)2, (5)
where
∆(Z/A)2 = (Z/A¯1(Z))
2
− (Z/A¯2(Z))
2 (6)
represents the difference of the mean isospin asymmetry of fragments for each given
Z between the two reaction systems. We will choose the 40Ca+ 40Ca system as the
system 1 in this paper. Equation (5) can be derived from Eq. (2) by employing Eq.
(3), and thus it is not relevant how ζ(Z) is related to the symmetry energy. It should
be noted that α and ∆(Z/A)2 depend on the reaction systems while ζ(Z) does not,
and that ζ(Z) and ∆(Z/A)2 are functions of Z while α should be independent of
Z.
The middle panel of Fig. 2 shows ∆(Z/A)2 as a function of Z when the 60Ca+
60Ca (and 48Ca + 48Ca) system is chosen as system 2. The results with the two
different symmetry energy terms are shown. The symmetry energy effect is clearly
seen in ∆(Z/A)2 as well as in ζ(Z), though the effect is in the opposite direction.
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Fig. 2. The three quantities ζ(Z)
(top), ∆(Z/A)2 (middle) and α (bot-
tom) for the primary fragments. The
results with the Gogny and Gogny-AS
forces are shown by filled diamonds and
the open squares, respectively.
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Fig. 3. The same as Fig. 3 but for the
final fragments.
The bottom panel shows 4ζ(Z) × ∆(Z/A)2 which is the product of the top and
middle panels and should coincide with the isoscaling parameter α. The product is
actually almost independent of Z, which is consistent with Eq. (5). The symmetry
energy effect in α is similar to the effect in ζ(Z), but it has been produced by the
cancellation of the effect in ζ(Z) and the effect in ∆(Z/A)2, with the former being
larger than the latter.
3. Symmetry Energy Effects in Final Fragments
The statistical decay of primary fragments is calculated by using the code [ 14]
based on the sequential binary decay model by Pu¨hlhofer [ 15]. The code employed
in the present work also takes account of the emission of composite particles not
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only in their ground states but also in their excited states with the excitation energy
E∗ ≤ 40 MeV. The experimental information is incorporated for known levels of
A . 28 nuclei, while the Fermi-gas level density is assumed otherwise with the level
density parameter a = A/(8 MeV).
For the final fragments after the statistical decay, the quantities ζ(Z) and
∆(Z/A)2 can be defined in the same way as for the primary fragments. Equa-
tion (5) holds for the final fragments as well if isoscaling is good and Eq. (3) is
approximately valid for the final fragments. However, ζ(Z) for the final fragments
is not necessarily related to the symmetry energy directly in a simple way.
The top and middle panels of Fig. 3 show ζ(Z) and ∆(Z/A)2, respectively,
calculated for the final fragments. The absolute values of ζ(Z) and ∆(Z/A)2 change
from those in Fig. 2 for the primary fragments. Nevertheless, the effect of the
symmetry energy term in ζ(Z) and ∆(Z/A)2 is similar to what we have observed
for the primary fragments. This means that the symmetry energy effect in the
dynamical stage of the reaction is observable in principle even after the secondary
decay of fragments.
However, in the isoscaling parameter α which is shown as 4ζ(Z)×∆(Z/A)2 in
the bottom panel of Fig. 3, the symmetry energy effect is not clearly seen. This is
because the symmetry energy effect in ζ(Z) is largely canceled by that in ∆(Z/A)2
to give this small effect in α. We expect that the situation of such cancellation may
be sensitive to the details of the statistical decay code, and therefore it is not easy
to predict the symmetry energy effect in α for the final fragments at the current
stage.
4. Summary
The isospin composition of fragments produced by the AMD simulations is analyzed
to see how the symmetry energy is reflected. The studied quantities ζ(Z), ∆(Z/A)2
and α for the primary fragments are sensitive to the symmetry energy term in the
effective interaction, and the calculated results suggests that the symmetry energy
of uniform nuclear matter at a reduced density ρ ∼ 1
2
ρ0 is directly responsible for
the isospin composition of the primary fragments even though the fragments are of
finite size. A statistical decay calculation shows that the symmetry energy effects
in ζ(Z) and ∆(Z/A)2 remain after the secondary decay of the primary fragments.
However, the symmetry energy effect in α for the final fragments requires a careful
study because it is given by a delicate cancellation of the effect in ζ(Z) and the
effect in ∆(Z/A)2.
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